In an effort to delineate how cholesterol protects membrane structure under oxidative stress conditions, we monitored the changes to the structure of lipid bilayers comprising 30 mol% cholesterol and an increasing concentration of Class B oxidized 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) glycerophospholipids, namely, 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phosphocholine (PoxnoPC), and 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazePC), using atomistic molecular dynamics simulations. Increasing the content of oxidized phospholipids (oxPLs) from 0 to 60 mol% oxPL resulted in a characteristic reduction in bilayer thickness and increase in area per lipid, thereby increasing the exposure of the membrane hydrophobic region to water. However, cholesterol was observed to help reduce water injury by moving into the bilayer core and forming more hydrogen bonds with the oxPLs. Cholesterol also resists altering its tilt angle, helping to maintain membrane integrity. Water that enters the 1-nm-thick core region remains part of the bulk water on either side of the bilayer, with relatively few water molecules able to traverse through the bilayer. In cholesterol-rich membranes, the bilayer does not form pores at concentrations of 60 mol% oxPL as was shown in previous simulations in the absence of cholesterol.
Introduction
The plasma membrane separates and regulates transport between the interior of cells and the outside environment, and thus controls internal conditions necessary to sustain life. Injuries to the membrane, whether at the atomic, macromolecular, or cellular levels, can affect the form, function, and survival of the cell to the detriment of the organism as a whole, whether single or multicellular. Oxidative stress is one source of injury which occurs when the cholesterol and phospholipid molecules, that comprise the plasma membrane, are oxidized by free radicals, such as OH · and HO 2 · . These radicals can arise from incomplete combustion, as products of Fenton-type reactions, and can also be leaked from mitochondria. Moreover, following a heart attack, the myocardium can produce superoxide and hydrogen peroxide following its re-exposure to oxygen, and these radicals can form the hydroxyl radical in the presence of metal ions such as Fe 2+ or Cu + (Downey 1990) . In neuronal tissue, the hydroxyl radical can initiate the peroxidation of polyunsaturated fatty acids resulting in the production of activated aldehydes such as 4-hydroxy-2-nonenal, which can subsequently cause extensive cellular damage (Uchida 2003) .
Given the important role of the membrane to cellular viability, it is no surprise that damage to the plasma membrane is associated with a wide range of diseases. Oxidative stress has been closely linked with cardiovascular, neurodegenerative, and pulmonary diseases (Pham-Huy et al. 2008) . Specifically, lipid oxidation has been shown to take place in cardiac atherosclerosis (Deiger and Hermetter 2008) , and ischemia-reperfusion injury following heart attacks (Downey 1990) . Moreover, oxidative damage to lipids that surround a membrane protein, such as an ion transporter, can indirectly alter the function of membrane proteins and thus affect cellular regulation (Kourie 1998) . A better understanding of the effects of oxidative stress on the structure of the plasma membrane could improve our understanding of these related diseases.
The plasma membrane comprises mostly of phospholipids and cholesterol, both of which are amphiphilic. Glycerophospholipids are the most common phospholipids, and comprise sn-glycerol-3-phosphate, esterified at the C1 and C2 positions to chains and at the phosphate group to a hydrophilic group, most often choline (Fruhwirth et al. 2007 ). The structure is described by stereospecific numbering (sn), which refers to the C1 and C2 of glycerol as the sn-1 and sn-2 position, respectively. Cholesterol is a derivative of cyclopentanoperhydrophenanthrene, the parent compound of steroids, with an additional hydroxyl group in ring A, a double bond in ring B, and a 2-methylheptane on ring D of the steroid backbone. The structures of both lipids are shown in Fig. 1 . Lipid oxidation can affect cholesterol, and the polar head groups and the unsaturated lipid tails of glycerophospholipids, with each having a different effect on the overall structure of the bilayer (Grzelinska et al. 1979 ). Oxidation of the acyl chains yields oxidized phospholipids (oxPLs), which have been previously separated into two classes: Class A-hydroxy-or hydroperoxy-dieonyls, which contain an additional hydroxyl (-OH) or hydroperoxyl (-OOH) group, or Class B-those containing truncated acyl chains (Jurkiewicz et al. 2012) .
Class B oxPLs such as those containing an aldehyde or carboxylic acid at their respective truncated sn-2 termini, have been shown to destabilize the bilayer structure in ways that can be easily related to disease pathology. Lipid asymmetry, where the lipid composition of one side of the bilayer is distinct from that of the other, plays an important role in the maintenance of the cell cycle, the regulation of apoptosis, and also platelet coagulation (Ikeda et al. 2006) . Class B oxPLs can induce lipid flip-flop, which affects the distribution of the lipids between the leaflets (Volinsky et al. 2011) . Bilayers comprising Class B oxPLs are more prone to disintegrate and aggregate into micelles than the corresponding Class A oxPLs with acyl chains of similar length (Megli et al. 2009 ). Class B oxPLs can also undergo lipid gymnastics and extend their acyl termini to the solvent phase in the extended conformation, though this only occurs with the carboxyl terminus (Sabatini et al. 2006; Beranova et al. 2010) . The extended conformation can facilitate interactions between the acyl chains and cytochrome c, which may affect the mechanism by which oxidative stress promotes apoptosis (Khandelia and Mouritsen 2009; Mattila et al. 2008) . Class B oxPLs induces more disruptive changes, as they can cause a larger decrease in bilayer thickness and deuterium order parameter than Class A oxPLs do (Khandelia and Mouritsen 2009; Wong-Ekkabut et al. 2007 ). Furthermore, Fig. 1 The four lipids used in this study: POPC (1-palmitoyl-2-oleoylphosphatidylcholine), cholesterol, PoxnoPC (1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phosphocholine), PazePC (1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine). The choline, phosphate, and glycerol, which together form the phosphatidylcholine are common to POPC, PoxnoPC, and PazePC, whereas the latter two differ by the presence of an aldehyde or carboxylic acid group at the terminus of the sn-2 acyl chain. The sterol backbone and 2-methylheptane group of cholesterol are also shown bilayers entirely comprise Class B oxPLs easily become porous when all of oxPLs contain one truncated sn-2 acyl chain, and disintegrate completely when both acyl chains are truncated . Such extensive oxidation would cause the cell lose its capacity to regulate its contents and maintain its structure, which would ultimately lead to death by apoptosis or lysis. Cholesterol has been shown to attenuate these effects, but apart from its ability to co-localize with, and to slow down the lateral diffusion rates of oxPLs, little is known about the specific interactions cholesterol makes with other lipids as the oxidative load on the membrane increases (Khandelia et al. 2014; Plochberger et al. 2010) .
The amphiphilicity of glycerophospholipids arises from the polarity of the head group and the hydrophobicity of its acyl chains. In most mammalian cells, oleic acid, a chain of 18 carbon atoms with a single double bond, is the most common fatty acid esterified at the sn-2 position (Spector and Yorek 1985) , whereas the fully saturated, 16-carbon palmitic acid is most frequently found at the sn-1 position (Gunstone et al. 2007 ). All of these components are found in 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), which is why this lipid will be the representative lipid used in this study. All-atom molecular dynamics (MD) simulations will be used to describe how cholesterol affects the stability of a bilayer comprising increasing amounts of Class B oxPLs. Atomistic MD simulations of lipid bilayer systems yield results that are comparable with experiments such as nuclear magnetic resonance (NMR), electron paramagnetic resonance, and fluorescence measurements for parameters such as correlation time, deuterium order parameter, area per lipid (APL), and bilayer thickness (Jurkiewicz et al. 2012 ). All-atom MD simulations of bilayers comprise 30 mol% cholesterol and 0, 20, 40, and 60 mol% of oxPLs will be employed in this study to determine the role of cholesterol in the stabilization of a POPC lipid bilayer under an increasing load of Class B oxPLs.
Methods

Simulated Systems
In this work, bilayers comprising 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phosphatidylcholine (PoxnoPC), 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphatidylcholine (PazePC), and cholesterol were subjected to molecular dynamics simulations. The chemical structures of all molecules are shown in Fig. 1 . Each bilayer contained a total of 128 lipid molecules, with 30 mol% of cholesterol. One system (0 mol% oxPL) contained 90 POPC lipids, whereas the subsequent systems contained increasing amounts of the PoxnoPC and PazePC in equal measure to represent lipid oxidation levels of 20, 40, and 60 mol%. The 20 mol% oxPL system contained 12 of each oxidized lipid, the 40 mol% oxPL system contained 26 of each oxidized lipid, and the 60 mol% oxPL system contained 38 of each oxidized lipid. A summary of the molecular composition of each system under investigation is given in Table 1 . Each system was solvated in water including 150 mM NaCl added to mimic physiological salt concentration, which corresponded to a solvent comprising 14 Na + , 14 Cl − , and 5092 water molecules in a rectangular box.
Force Field
The parameters of all molecules used in this study are compatible with the OPLS-AA force field (Jorgensen et al. 1996; Kaminski et al. 2001) . The parameters for POPC, PoxnoPC, and PazePC were derived as described previously, with the standard OPLS-AA parameters supplemented for the respective aldehyde and carboxylic acid groups in the case of PoxnoPC and PazePC, respectively, and parameters specifically derived for lipids (Maciejewski et al. 2014; Kulig et al. 2016 ). The original OPLS-AA parameters for cholesterol were used, and the TIP3P model was used for water (Jorgensen et al. 1983) . 
Simulation Protocol
All MD simulations were carried out with version 4.6.x of the GROMACS program package and adhered to the same protocol, described as follows (Van der Spoel et al. 2014; Berendsen et al. 1995; Hess et al. 2008) . A 500 ns MD simulation was run for the systems which contained 0 and 20 mol% oxPLs with the intention of using the first 200 ns for equilibration. We observed that these systems were well-equilibrated within 100 ns, as shown in Figure S1 , so we decided to reduce the equilibration time of the systems containing 40 mol% and 60 mol% oxPLs to 100 ns. As such, the final 300 ns of each trajectory was analyzed as described in section "Analysis". During this, the LINCS algorithm (Hess et al. 2008 ) was employed to constrain the length of all bonds during the simulation to enable a 2 fs time step to be used. To control pressure we employed the isobaric-isothermal ensemble under a constant pressure of 1 bar, and scaled the box volume semi-isotropically using the Parrinello-Rahman barostat (Parrinello and Rahman 1981) . The temperature of the simulation was set to 310 K and maintained as such by using the Nosé-Hoover thermostat, with the solvent and solute controlled independently (Nosé 1984; Hoover 1985) . The list of non-bonded atom pairs was updated at every ten simulation steps, and the van der Waals interactions were cut-off at 1.0 nm. Dispersion correction for both energy and pressure was used to reduce the dependencies on the cut-off length and to keep the model compatible with the OPLS-AA force field. Periodic boundary conditions with the minimum image convention were used. The electrostatic interactions were evaluated using the particle-mesh Ewald summation (Essman et al. 1995) , with an interpolation order of 6, a direct sum tolerance of 10
, and a cut-off of 1.0 nm was used for the real space calculations.
Analysis
The stability of the area per lipid and membrane thickness over the entire simulation time was used to determine if each bilayer was equilibrated. The density of the lipid components and the assignment of the hydrogen bonds were calculated with the g_density and g_bond programs as implemented in GROMACS. A hydrogen bond was recorded when the angle between the hydrogen bonding donor, the hydrogen bonding hydrogen, and the hydrogen bonding acceptor was between 150° and 180°, and the distance between the donor and acceptor atoms was less than 0.35 nm. The interdigitation of the two membrane leaflets was characterized by computing the overlap parameter (Das et al. 2009 ),
where z is the coordinate in the membrane normal direction, and q i (z) and q o (z) are the density values of atoms belonging to the respective inner and outer leaflets calculated from a trajectory centered at the middle of a bilayer. Integrating the overlap parameter along the membrane normal (z) from zero to d, which corresponds to the leaflet thickness, yields the length scale, which describes the degree of interdigitation. The time-averaged membrane thickness and area per lipid were computed using the g_lomepro program (Gapsys et al. 2013) . This program uses a modified version of the GridMAT-MD algorithm to map the reference atom of each lipid onto a grid (Allen et al. 2009 ). The area occupied by each lipid is estimated by summing the area of all the cells of the grid assigned to the lipid of interest, whereas the bilayer thickness is computed by computing the difference between grid elements in the top and bottom leaflets along the normal vector of the bilayer surface. The phosphate atom of the respective phospholipid and the oxygen atom of the cholesterol molecule were used as reference atoms. The deuterium order parameter, S CD , is a bilayer parameter that provides information about the order of the acyl chains, which can also be obtained accurately from NMR experiments (Davis 1983) . S CD , is defined as where θ i is the angle between a carbon-deuterium bond (the carbon-hydrogen bond in simulations) of the i-th carbon atom and the bilayer normal. The angled brackets indicate averaging over time of the relevant C-D bond in the bilayer.
The tilt angle of cholesterol and the acyl chains, the number of contacts between water and lipid moieties, and the penetration of water were determined with the g_bundle, g_contact, and the g_count programs, as implemented in the GROMACS program package. The g_bundle program is used to measure the angle of bundles of axes with respect to the z-axis, and in this study the axis bundles were the vectors defined by the first and last C atoms of the sn-1 and sn-2 acyl chains of each phospholipid and the vector defined by the carbon nearest to the hydroxyl group and the C5 of the methyl heptane in cholesterol. The g_contact program was used to count the number of contacts between water and the phosphatidylcholine, the entire acyl chains, the -CH 3 , -CHO, and COOH of the acyl chain termini, and cholesterol. A contact was recorded when the distance between the atoms in the respective groups was less than or equal
to 0.6 nm. The counts were divided by the number of each respective lipid present to enable the data at different oxidation levels to be compared. The penetration of the bilayer by water was estimated by defining the bilayer core region, which was determined by first computing the average position of the phosphate atom in each lipid over the course of the simulation (with g_lomepro). The average z-axis position of these points defined the midplane of the bilayer [the membrane lying in the xy-plane, and the membrane core was defined of the region where z was within 0.5 nm of the mid-plane (above and below the mid-plane)]. The g_count program then monitored the water molecules that entered this core region.
Results
System Densities, Leaflet Interdigitation, and Hydrogen Bonding Between Lipids
The plots of the area per lipid and bilayer thickness as a function of time ( Figure S1 ) demonstrated that the systems were well-equilibrated at the start of and throughout the analysis period. The density of water, cholesterol, phosphatidylcholine (the phospholipid head group), and the lipid tails of POPC, PoxnoPC, and PazePC along the z-axis of each system are shown in Fig. 2 . The density of water overlaps with the density of each of the other lipid components in all four systems. The amplitude of the density maximum of each bilayer component varies as expected with the changes in lipid composition, and the area under the Fig. 2 Mass density of each of the molecular components along the bilayer normal (along the z-axis) of each system. The phospholipids are further separated into their glycerophosphatidylcholine head groups and the acyl chains tail groups. The difference in amplitude between the leaflets of the cholesterol density at 20 mol% oxPL can be attributed to a cholesterol flip from one leaflet to the other curve corresponding to the density of cholesterol was also constant, as expected. The density curves of the head groups of each leaflet remained distinct from each other, whereas those of the tails overlapped, indicating the possibility of the lipid tails of both leaflets occupying the same space. The lipids belonging to the respective inner and outer leaflets indeed become increasingly interdigitated as a function of the oxPL content of each bilayer, as shown in Figure S2 . The value of λ, which characterizes the length scale over which the two leaflets come into contact to a significant degree, is as follows: 0.37 nm for 0 mol% oxPL, 0.54 nm for 20 mol% oxPL, 0.80 nm for 40 mol% oxPL, and 0.94 nm for 60 mol% oxPL, which thus shows the highest degree of interdigitation. The density curves of the POPC tails and cholesterol of each leaflet remain easily distinguishable at 20 mol% oxPL or less, but the respective density curves nearly become flat as the oxPL content increases to 60 mol% indicating the overlapping of the leaflets, as shown in Fig. 2 . The average number of hydrogen bonds between lipids increased from 0.42 to 3.75 bonds per lipid as the oxidized lipid content increased from 0 to 60 mol% for each lipid, as shown in Fig. 3a . This is largely driven by the increased number of hydrogen bonds formed by PoxnoPC and PazePC, since the hydrogen bonding of POPC and cholesterol remains relatively constant as the oxPL content increased. Though smaller in magnitude, it is noteworthy that the hydrogen bonding of cholesterol increased gradually from 0.30 to 0.35 hydrogen bonds with increasing oxPL, whereas the hydrogen bonding of POPC was significantly higher at 20 and 40 mol% oxPL (0.22 and 0.20 hydrogen bonds, respectively) than that at 0 and 60 mol% oxPL (0.13 and 0.07 hydrogen bonds, respectively).
The total number of hydrogen bonds between all pairwise lipids at any given time also increased with increasing oxidation. The number of hydrogen bonds between cholesterol and PoxnoPC and PazePC increased, as did those between the PazePC lipids, and those between PoxnoPC and PazePC (Fig. 3b) . Only the hydrogen bonds between cholesterol and POPC decreased significantly. Interestingly, the hydrogen bonds between cholesterol molecules were at a maximum of 0.98 hydrogen bonds at 20 mol% oxPL, whereas it was below 0.15 hydrogen bonds at zero and higher oxidation levels.
Bilayer Thickness and Area per Lipid
The time-averaged thickness of the bilayer decreased as the oxPL content increased, and the range of the thickness of each bilayer determined during the simulation is shown in Fig. 4 . The median bilayer thickness decreased from 4.17 to 3.19 nm as the oxidation levels increased from 0 to 60 mol% oxPL, whereas the mean area per lipid increased from 0.52 to 0.61 nm 2 over the same oxidation range. Figure 4a shows that both the bilayer thickness and the area per lipid had a linear dependence on concentration from 0 to 40 mol% oxPL, but oxidation had a diminished effect on the area per lipid at 60 mol% oxPL than it did on bilayer thickness, which maintained a near linear relation to the oxPL content. Moreover, there was a significantly increased uncertainty in the area per lipid determination than in the uncertainty in the bilayer thickness. The range of the thickness of each bilayer region indicated in Fig. 4b shows that the thickness of the bilayer was the least uniform at 40 mol% oxPL. This is also shown in the error bars in Fig. 4a , which also reveals that the area per lipid was the least uniform at 40 mol% oxPL. Figure 4b shows that regions with larger area per lipid values in one leaflet were directly above a complementary region of lower area per lipid values, and this effect was most prominent at 40 mol% oxPL.
Deuterium Order Parameter and Tilt Angle of Lipids Tails and Cholesterol
The sn-1 acyl chain is not susceptible to oxidation and was present at identical concentrations in each bilayer. Maximum order was obtained at carbon seven of the sn-1 acyl chain in POPC at 0 mol% oxPL and at carbon five at 20-60 mol% oxPL, which decreased from 0.332 to 0.189 S CD as the oxidation level increased (Fig. 5) . The S CD at 40 and 60 mol% oxPL were nearly identical, whereas the order at 20 mol% was near the midpoint of the maximum and minimum values, corresponding to 0 and 60 mol% oxPL, respectively. The S CD of the sn-1 chain in PoxnoPC and PazePC followed similar patterns, including oxidation dependence, though the S CD of the sn-1 chain of PazePC was lower at 20 mol% and higher at 40 mol% oxPL compared to the sn-1 chain of PoxnoPC. The S CD of the sn-2 acyl chain is distorted by the double bond in POPC, and by being truncated in PoxnoPC and PazePC. The same tendency of the S CD was observed in the sn-2 chain of POPC as was observed in the sn-1 chain of POPC (Fig. 5) . However, 20 mol% oxPL had no effect on the sn-2 chain of PoxnoPC, whereas 40 and 60 mol% oxPL caused a relatively large and near-identical decrease in the order. The S CD of the sn-2 chain in PazePC was much lower than that of POPC; however, all levels of oxidation had a similar effect on its order. The frequency rates of the tilt angle measurements for the sn-1 and sn-2 acyl chains and cholesterol are shown in a histogram in Fig. 6 . At 0 mol% oxPL, the most frequently measured tilt angle of the POPC acyl chains and cholesterol was near 18°, although smaller angles were more frequent for the longer sn-1 chain than for the sn-2 chain or for cholesterol, and the curve of the POPC sn-1 chain tailed-off at angles greater than 40°. The other POPC sn-1 peaks were right-shifted by approximately 10°, though their amplitudes decreased with increasing oxidation. The right-shifting of the peaks was also observed for the POPC sn-2 tail, but significantly less so for cholesterol. The tailing-off of the peaks occurred at higher angles (further to the right) as the oxidation levels increased. However, at 60 mol% oxPL the amplitude increases at angles greater than 40°, therefore the tailing at these curves are best described as smaller distinct peaks. Angles greater than 140° were observed for cholesterol, which was shown to be the result of the translocation of one cholesterol molecule across the bilayer. The curves of the sn-1 chain of PoxnoPC and PazePC were similar to those of POPC, whereas the curves of the sn-2 chain of PoxnoPC and PazePC showed a broader distribution of angles. Compared to that of PoxnoPC, the curves of the sn-2 chain of PazePC were more symmetrical with a peak amplitude near 80°; however, the curves of PoxnoPC and PazePC showed a lesser dependence on the oxPL concentration than those shown by POPC and cholesterol.
Lipid Contact with Water and Water Penetration
The number of contacts per each phosphatidylcholine, acyl chain tail, and acyl chain terminus of each of POPC, PoxnoPC, and PazePC with water, and the contacts between water and each cholesterol molecule are shown in Fig. 7 . The number of water molecules that made contact with the head group of POPC approximately doubled as the oxPL content increased from 0 to 60 mol%. Water made more contacts with PoxnoPC than with PazePC when 20 mol% of the tails were oxidized; however, the contacts between water and these lipids were equal at 40 and 60 mol% oxPL, with the number of contacts with the head groups decreasing as the oxidation increased. Fewer contacts were made with the acyl chains, though the trends were similar (Fig. 7) . In POPC, 10-15% more contacts were made with the sn-2 tail than with the sn-1 tail; however, this ratio was approximately 100% when the sn-2 tails were oxidized, with more contacts made with the sn-2 tail of PazePC than with PoxnoPC. Twice as many contacts were made with the carboxylic acid of PazePC than with the aldehyde of PoxnoPC, with negligible contact made between water and the methyl of the POPC sn-2 chain. Contacts between water and the hydroxyl, sterol, and 2-methylheptane groups of cholesterol remained relatively constant as the oxPL content increased to 40 mol%, though the number of contacts with hydroxyl and sterol decreased slightly, and those with heptane increased slightly at 60 mol% oxPL.
The penetration of water into the bilayer core, a 1 nmthick region centered on the mid-plane of the bilayer, increased only marginally from 0 to 20 mol% oxPL (Fig. 8) . However, the number of water molecules that enters this region increases from approximately 30 at 20 mol% oxPL to approximately 600 at 60 mol% over the course of the respective simulation. As a reference, only two water molecules entered this region at 0 mol% oxPL. From the frames saved during the last 300 ns of each trajectory, there was at least one molecule of water in the core region in only 2.3% of them at 20 mol% oxPL, but this increased to 13% of frames and 32% frames as the oxPL content increased to 40 or 60 mol%. The number of frames decreased drastically for larger numbers of water molecules, as shown in Fig. 8 . Three water molecules were present in 0.76% of the frames at 40 mol% oxPL, five water molecules were present at this frequency at 60 mol% oxPL, whereas three water molecules were not observed at 20% oxPL or lower. The presence of six or more water molecules in the bilayers at 60 mol% occurred in only 0.5% of simulation frames.
Far more water molecules were present in the bilayer core in the absence of cholesterol. While only two water molecules entered the core of the POPC bilayer with 30% cholesterol, 186 distinct water molecules entered this region in the POPC bilayer in absence of cholesterol. As shown in Fig. 8 , the introduction of 60 mol% oxPL to the cholesterolfree bilayers increased the number of water molecules in the bilayer core by more than 4.5-fold compared to the number of water molecules in the core of the bilayers comprising 60 mol% oxPL and 30% cholesterol. More water molecules were found in the bilayer core when the 60 mol% oxPL was 60 mol% PoxnoPC/PazePC, followed by 60 mol% PoxnoPC, and finally 60 mol% PazePC. This suggests that the relative amounts of PoxnoPC and PazePC in the 60 mol% oxPL component also affected the porosity of water in the cholesterol-free bilayers. Interestingly, at 60 mol% oxPL, one water molecule was found more often within the bilayer when cholesterol was present than when cholesterol was absent from the bilayer, and two water molecules in the core of the bilayers occurred at a similar frequency regardless of the presence of cholesterol. However, the protective effect of cholesterol is demonstrated by its apparent ability to prevent three or more water molecules from entering the core, as the frequency of this occurrence decreases significantly, as shown in Fig. 8b .
Discussion and Conclusions
Rather than represent the natural oxidation of a biological membrane, which would comprise a large array of lipid types, and even broader range of oxidized by-products, this study focuses on the effect of the conversion of the most common mammalian lipid, POPC into either PoxnoPC, or PazePC, in well-defined model systems. The effect of this process on bilayer structure, lipid-water interactions, and water penetration was studied as the percentage of PoxnoPC and PazePC of the total lipid content was increased from 0 mol% to 20, 40, and 60 mol% oxPL, with a fixed amount of 30 mol% cholesterol present in each bilayer. The carboxylic acid remained protonated to determine the effect of this lipid on the bilayer structure before the proton is lost. This is reasonable since the protonated carboxylic acid lipid would have an increased stability in the hydrophobic environment of the inter-membrane space.
Increasing the total PoxnoPC and PazePC content from 0 to 60 mol% caused the bilayer thickness to decrease and area per lipid to increase. Even though these two parameters are related, the more uniform slope of the bilayer vs oxidation concentration compared to that of the area per lipid (APL) vs oxidation curve suggests that the bilayer thickness has a stronger correlation to the oxPL concentration than the APL does. As the oxPL concentration increases, the truncated sn-2 chains become more numerous and the hydrophobic region becomes thinner. This draws the polar head groups closer together, and thus makes the membrane thinner. The convergence of the density of the POPC tails and cholesterol from a doublet to a single peak as the oxPL concentration increases is further evidence of the interdigitation of the terminal methyl groups, which has been observed in previous experiments, as the methyl groups lie on either side of each Fig. 6 The distribution of the tilt angles of the sn-1 and sn-2 acyl chain of POPC and the tilt angle of cholesterol at each oxidation level Fig. 7 The number of concurrent contacts between water and the phosphatidylcholine, acyl chains, and acyl termini of the POPC, PoxnoPC, and PazePC phospholipids and between water and cholesterol as a function of the oxPL concentration. A contact was recorded when the distance between the atoms in the respective groups was ≤ 0.6 nm Fig. 8 a The total number of unique water molecules that enter the 1-nm-thick core region of the bilayer as a function of the oxPL concentration. b and c The frequency at which an increasing number of water molecules enters the core region of the bilayer at each level of oxidation. Note that c is the extension of b for the x-axis but with a smaller y-axis scale. In c the frequencies at 40 and 60 mol% oxPL have already decayed to zero other instead of above and below each other along the z-axis (Mason et al. 1997) . The phosphatidylcholine head groups of POPC, PoxnoPC, and PazePC are identical, thus they should have the same degree of water intercalation throughout the head group and thus a similar number of interactions with water. However, when corrected for the number of lipid molecules in each system, the number of contacts with water ( Fig. 7) suggests that the oxPL head groups remain more accessible to water at 20 mol% oxPL, but as the concentration of oxPL increases the oxPLs become less accessible to water, which could also be due to the increased interdigitation of the sn-1 tails of the oxPLs compared to that of POPC. The increased interdigitation with oxPL content could subsequently cause the APL to increase and level off, as the proportion of interdigitized oxPLs increases with respect to the total number of lipids. Thus we propose that the oxidatively mediated decrease in bilayer thickness causes the corresponding increase in APL.
The deuterium order parameter is often used to describe the order of the acyl chains, where the higher magnitude of the S CD signal, the higher the order of the acyl chains in the bilayer is. Increasing the oxPL content of the bilayers from 0 to 60 mol% decreased the order of the sn-1 tails of POPC, PoxnoPC, and PazePC, and the sn-1 chain of PazePC was generally more strongly affected by oxidation than that of PoxnoPC. The effect of oxidation on the order of the sn-2 tails was larger, particularly that of PazePC, which indicates that the sn-2 of PazePC was more likely to deviate further from the normal. This deviation is likely due to the stronger interactions of the carboxylic acid tail of PazePC compared to the aldehyde tail of PoxnoPC, presumably with the oxygen molecules of glycerol and phosphate and water molecules close to the water-lipid interface. The increasing magnitude of the S CD towards the terminus of the sn-2 chain of PazePC shows that the terminus of this chain is relatively fixed, at least compared to that of PoxnoPC, and this occurs in the sn-2 chain of PazePC but not in PoxnoPC. This is suggestive of interactions such as hydrogen bonds between carboxyl and glycerol or phosphate instead of with water; however, the carboxyl group can still make contact with water molecules near the bilayer-solvent interface that are within the contact cut-off of 0.6 nm (as shown in Fig. 7) .
The increased solvent exposure of the phosphatidylcholine of POPC compared to that of the oxPLs suggested that the oxPLs recede from the lipid-water interface towards the bilayer core. Concurrently, the number of hydrogen bonds between cholesterol and POPC decreases, whereas the number of hydrogen bonds with the oxPLs increases with increasing oxPL concentration. When considering the hydrogen bonding ability of cholesterol, only its hydroxyl group is capable of forming hydrogen bonds, therefore the transfer of cholesterol's hydrogen bonds from POPC to the oxPLs occurs at the lipid-water interface. Since the phosphatidylcholine head groups of POPC and the oxPLs are identical, cholesterol must go deeper into the membrane as the oxPL concentration increases and the bilayer thickness decreases. This is shown clearly and quantitatively in Fig. 2 . The increasing number of hydrogen bonds between cholesterol and the oxPLs as the concentration of the oxPLs increases should strengthen the bilayer, even as the membrane becomes thinner.
Of POPC, PoxnoPC, PazePC, and cholesterol, only PazePC (carboxyl hydrogen) and cholesterol (hydroxyl hydrogen) contain a proton donor. The increase in the number of hydrogen bonds per lipid molecule of PazePC and PoxnoPC is due to the tendency of the carboxyl group of PazePC to form hydrogen bonds with the glycerol oxygen atoms of POPC, PoxnoPC, and PazePC. Therefore, the number of hydrogen bonds increases with increasing oxPL mol%, which is because more of the PazePC carboxyl groups are interacting with the glycerol oxygen atoms; yet, it is still not clear why more hydrogen bonds occur per PazePC lipid. The increasing number of hydrogen bonds between all pairs, and between those only involving PazePC, can also be attributed to the increase in the mol% of PazePC. However, the slight drop in hydrogen bonds between cholesterol lipids indicates their higher tendency of forming hydrogen bonds with either of the phospholipids with increasing oxPL mol%, though this effect seems to be small. Nevertheless, the bilayer becomes increasingly impregnated with water as the oxPL concentration increases, as shown in Fig. 8 . However, it is interesting to note that the number of contacts between water and the acyl chains of PoxnoPC and PazePC does not increase but instead slightly decreases with increasing oxPL concentration, when the number of contacts are corrected to the per lipid values. This suggests that at concentrations of up to 60 mol% oxPL, the number of water molecules within the bilayer core is not sufficient to cause the bilayer to form a large pore or even collapse. Moreover, close visual inspection of the trajectories did not show the formation of a pore in any system. Figure 8 also indicates that in some cases water penetration changes very little at the oxPL concentrations below 20 mol%, but similar to what was shown in the contacts between water and the acyl chains (Fig. 7) , the increase in water in the bilayer core occurs linearly as the oxPL concentration reaches 60 mol%. Figure 8 further reveals that in some cases more than eight molecules enter the bilayer only in 0.005% of the simulation time, and only at an oxPL concentration of 40 mol% or greater. The molecules that entered the bilayer core at oxPL concentrations greater than 40 mol% still remained part of the bulk water (the pre-defined 1.0 nm core region had the same thickness for each system, and as the bilayer thickness decreased the bulk water had a shorter distance to travel before reaching the core region). Figure 9 shows a snapshot of each system when it contained the most 1 3 water molecules in its respective core region. Even in the systems with 40 and 60 mol% oxPL that contained 14 and 12 water molecules, respectively, not more than 2 or 3 of them had dissociated from the bulk water, indicating that water came closer to the membrane core 'in bulk' rather than as an increasing flux of individual water molecules. As the area per lipid increases, this is correlated with the tilting of the acyl chains, which prevents stray molecules from entering the bilayer core. The most frequently observed tilt angle of the POPC acyl chains at 60 mol% oxPL remained near 30°, about 10° larger than those at 0 mol% oxPL, but since the angles above 60° occurred highly infrequently, it is unlikely that these tails entered the aqueous layer, which is also indicative of the bilayer stability as the oxPL concentrations increases to 60 mol%. Finally, although the amplitude decreases slightly, the most frequently observed peak angle remains at 20° at all oxidation levels, indicative of a stable bilayer even under an increasing oxPL load. The acyl chains would have a greater chance of accessing the solvent phase at angles greater than 90°, but an angle of greater than 120° would be much more likely to access the solvent, as this angle would enable the acyl tip to go above (or below, in the lower leaflet) the glycerol groups to interact with the more solvent-accessible phosphate groups. Figure 6 shows only the sn-2 chains of PazePC, and to a lesser degree, PoxnoPC could accomplish this complete acyl chain reversal, but these instances were very infrequent, and surprising this maneuver showed little dependence on oxPL concentration. This means that the increasing the oxPL concentration did not increase the probability that a single-truncated oxPL tail would invert, but instead lipid inversion events should remain proportional to the amount of oxPL present.
The changes to the hydrogen bonding and the deepening positioning of cholesterol into the bilayer as the oxPL content increases to 60 mol% are strongly supporting arguments towards the protective role of cholesterol against oxidative stress. However, these are confirmed by comparing the flux of water into the bilayers comprising 60 mol% oxPL and 30 mol% cholesterol, to bilayers with 60 mol% oxPL that are cholesterol-free. The result of this comparison is shown in Fig. 8 , wherein cholesterol-free bilayers comprising 60 mol% PoxnoPC, PazePC, or a 1:1 ratio of PoxnoPC:PazePC, all show a much higher rate of concurrent impregnation of three or more water molecules. Still, a channel did not form in any of the bilayers, which according to other studies would require the oxidative truncation of both acyl chains, or an increase of oxPL concentration to 75 mol% or above; however, doubly truncated lipids are rarely found in nature due to the saturation of the sn-1 acyl chain Van der Paal et al. 2016) . It is possible that a channel may form under the conditions of this study, if larger bilayers had been used, however, it should be mentioned that bilayers in a study on Class B oxPLs also used 128 lipids and developed a channel at 75 mol% oxidation. This indicates that a 128-lipid bilayer can reach the endpoint of pore formation under higher loads of oxPLs Van der Paal et al. 2016 ). An increased time scale could also be a requisite for pore formation (Boonnoy et al. 2015) . Combined MD/experimental studies have also demonstrated that oxPLs have higher diffusion rates (Beranova et al. 2010) , which are slowed down by cholesterol (Plochberger et al. 2010 ) and could also influence the rate at which other compounds traverse the bilayer (Gaede and Gawrisch 2003) . Other observations such as chain reversal (Mattila et al. 2008) , and a decreased order parameter (Wratten et al. 1992) found in this study have also been demonstrated experimentally; however, the role of oxPLs in increasing APL and decreasing bilayer thickness has only been shown using MD simulations (Jurkiewicz et al. 2012 ). Here we focused more on how cholesterol maintains the structure of intact bilayers, and the Fig. 9 Snapshot of the water phase in each system with the most water molecules found in the respective core region degree to which this is achieved is shown clearly over the 0-60 mol% oxidation range using the lipids employed in this study, and the supportive role of cholesterol has been shown experimentally (Megli et al. 2011) . Oxidative levels of 60 mol% may not occur in an entire cell, but such levels are more likely to occur in a smaller region where a localized oxidative stress event could take place. Such a region could be localized close to a source of free radicals such as mitochondria, or in a location near the site of ROS production.
In conclusion, this study determined the structural changes that occur under oxidative stress in a membrane that contains cholesterol. This was done using model systems comprising POPC; the most abundant mammalian diacylglycerol lipid and 30 mol% cholesterol. The oxidative stress was increased by increasing the total PoxnoPC and PazePC content in the lipids in fractions of 20, 40, and 60 mol% of the total lipid content. In the presence of cholesterol, increasing the oxPLs decreased the acyl chain length, which caused the bilayer thickness to decrease with a strong dependence on the oxPL concentration. The corresponding increase in APL showed slightly weaker oxPL concentration dependence, and this increase can also be attributed to the increased interdigitation of the oxPL sn-1 tails, as well as the formation of hydrogen bonds and interactions between the truncated termini and the glycerol groups closer to the lipid-water interface. The number of hydrogen bonds between cholesterol and the oxPLs also increase, with the lipid order parameter showing that PazePC lipids showed a stronger tendency to do so than PoxnoPC lipids did. These hydrogen bonds stabilize the inter-lipid interactions that keep the bilayer intact even as its thickness and order decrease. Moreover, the tilt angle of cholesterol remains constant as the oxidative load increases. Water begins to enter the bilayer core as the oxPL concentration increases above 20 mol%, and the number of water molecules that do this is linearly proportional to the oxPLs concentration, showing no sudden increase that would be evidence of pore formation or membrane disruption. Moreover, no pores were observed in the bilayer, demonstrating the stabilization effect of cholesterol against mechanical instability due to lipid oxidation. The inversion of the truncated PoxnoPC and PazePC acyl chains is also linearly dependent on the oxPL content, since the distribution of the sn-2 tilt angles were only negligibly affected by the increasing oxPL concentration. This study provides more evidence on how cholesterol helps stabilize the mammalian plasma membrane under increasing oxidative load, preventing the occurrence of pore and micelle formation. The membrane protection demonstrated atomistically by the physiological levels of cholesterol used in this study can be indicative of how cholesterol protects multilaminar vesicles from micelle formation as shown experimentally (Megli et al. 2011) .
